Schizophrenia arises from a complex interplay between genetic and environmental factors. Abnormalities in glutamatergic signaling have been proposed to underlie the emergence of symptoms, in light of various lines of evidence, including the psychotomimetic effects of NMDA receptor antagonists. Metabotropic glutamate receptor 5 (mGlu5) has also been implicated in the disorder, and has been shown to physically interact with NMDA receptors. To clarify the role of mGlu5-dependent behavioral expression by environmental factors, we assessed mGlu5 knockout (KO) mice after exposure to environmental enrichment (EE) or reared under standard conditions. The mGlu5 KO mice showed reduced prepulse inhibition (PPI), long-term memory deficits, and spontaneous locomotor hyperactivity, which were all attenuated by EE. Examining the cellular impact of genetic and environmental manipulation, we show that EE significantly increased pyramidal cell dendritic branching and BDNF protein levels in the hippocampus of wild-type mice; however, mGlu5 KO mice were resistant to these alterations, suggesting that mGlu5 is critical to these responses. A selective effect of EE on the behavioral response to the NMDA receptor antagonist MK-801 in mGlu5 KO mice was seen. MK-801-induced hyperlocomotion was further potentiated in enriched mGlu5 KO mice and treatment with MK-801 reinstated PPI disruption in EE mGlu5 KO mice only, a response that is absent under standard housing conditions. Together, these results demonstrate an important role for mGlu5 in environmental modulation of schizophreniarelated behavioral impairments. Furthermore, this role of the mGlu5 receptor is mediated by interaction with NMDA receptor function, which may inform development of novel therapeutics.
INTRODUCTION
Gene-environment interactions are thought to have a role in the etiology of schizophrenia. While much progress has been made in recent years in understanding how genetic factors and other molecular mediators contribute to schizophrenia, less is known about how environmental factors interact with genetic predisposition and how the resulting alterations modulate pathogenesis and disease progression. The incorporation of environment as a factor in animal models of psychiatric disorders is providing a clearer picture of how genes and environment converge to produce and protect against aberrant behavioral phenotypes (Burrows et al, 2011) .
The glutamatergic system has been widely implicated in the development of psychiatric illnesses, including schizophrenia.
Support for the glutamatergic hypothesis of schizophrenia arises from observations that NMDA receptor (NMDAR) antagonists such as MK-801, phencyclidine (PCP), and ketamine induce psychosis-like symptoms in healthy subjects and exacerbate existing psychoses in schizophrenia patients (Krystal et al, 1994; Adler et al, 1999) . Additional evidence lies in genetic linkage, neuroimaging, and post-mortem studies that have shown alterations in NMDA and metabotropic glutamate receptor expression (Meador-Woodruff and Healy, 2000; Mirnics et al, 2000; Devon et al, 2001; Gupta et al, 2005; van Elst et al, 2005) . Furthermore, antipsychotic potential has been reported for compounds restoring glutamatergic dysfunction in animal models (Mohn et al, 1999; Fradley et al, 2005; Gray et al, 2009) .
Importantly, functional and physical interactions have been identified between NMDAR and mGlu5 (Tu et al, 1999) indicating that these two glutamate receptors may operate in concert to mediate behavioral impairments of relevance to schizophrenia. For example, treatment with the mGlu5 antagonists, MPEP and MTEP, augments the hyperlocomotive effects of PCP and MK-801 (Henry et al, 2002; Campbell et al, 2004; Pietraszek et al, 2005) while mGlu5 knockout (KO) mice show baseline hyperactivity and a hypersensitivity to MK-801-induced hyperlocomotion (Lipina et al, 2007; Gray et al, 2009) . mGlu5 KO mice also demonstrate impaired PPI (Kinney et al, 2003; and the amelioration of this deficit by chronic administration of clozapine is accompanied by an increase in NMDAR binding (Gray et al, 2009) . Acute mGlu5 antagonism potentiates PPI disruption by NMDAR antagonists (Kinney et al, 2003; Pietraszek et al, 2005) , and mGlu5 KO mice show reduced sensitivity to MK-801-induced PPI disruptions (Lipina et al, 2007) . Further evidence of NMDAR dysfunction in mGlu5 KO mice has been suggested by the loss of NMDAR-mediated components of hippocampal CA1 LTP (Lu et al, 1997; Jia et al, 1998) . Accordingly, mGlu5 KO mice show memory impairments (Lu et al, 1997; Rodrigues et al, 2002; Gray et al, 2009 ) that depend on NMDAR-mediated plasticity in the CA1 region of the hippocampus (Tsien et al, 1996) . Allosteric modulators of mGlu5 have been developed with a view to target this receptor, therapeutically; however, the exact role of mGlu5 in schizophrenia endophenotypes remains unclear. While significant progress has been made in establishing the importance of mGlu5 in behavioral regulation using knockout mice, understanding how this receptor produces these phenotypes within the complex framework of gene-byenvironment interactions known to be associated with these illnesses is critical to understand how it may be contributing to schizophrenia, and its potential role as a therapeutic target (Gray and Hannan, 2007; Burrows et al, 2011) .
Environmental enrichment (EE), a paradigm that induces experience-dependent plasticity via enhanced cognitive, sensory, and motor stimulation, can lead to a variety of molecular, cellular, and behavioral changes, including enhancing learning, memory, and synaptic plasticity, both in wild-type mice and in animal models of CNS disorders (Nithianantharajah and Hannan, 2006) . Notably, this form of environmental modification has been demonstrated to ameliorate behavioral abnormalities in rodent models of psychiatric disorders, including schizophrenia-like behaviors (Brenes et al, 2008; Chourbaji et al, 2008; McOmish et al, 2008) . EE has been shown to upregulate expression of NMDAR subunits, as well as other components of the glutamatergic system (Tang et al, 2001; Bredy et al, 2003; Naka et al, 2005; Andin et al, 2007; Mora et al, 2007) suggesting that disruptions resulting from NMDAR dysfunction could be ameliorated following exposure to enriched housing. However, it is not clear whether EE influences the behavioral consequences of mGlu5 deficiency and what the role of NMDAR in these changes is. Therefore, the aim of the present study was to investigate the effects of EE upon behavioral endophenotypes with relevance to schizophrenia in mice lacking mGlu5.
MATERIALS AND METHODS

Animals and Housing
The mGlu5 knockout (KO) mouse line (Grm5tm1Rod) was obtained from Jackson Laboratories (Bar Harbor, Maine; Lu et al, 1997) . All mice were on a C57Bl/6 background and KO and WT animals were generated from heterozygous breeding pairs. Genotypes were determined by PCR, from a tail biopsy. Mice were weaned at 4 weeks postnatal and housed 4 per cage, randomly assigned to one of two conditions with food and water ad libitum: standard-housed (SH) or environmentally enriched (EE). SH mice were housed in open top standard mouse cages (34 × 16 × 16 cm) with basic nesting materials. EE animals were housed in larger cages (40 × 28 × 18 cm) containing a variety of novel stimuli (cardboard, wooden objects, tunnels, nesting material), changed once per week and with access to running wheels. EE mice were additionally exposed to a larger exploratory chamber (100 l volume) with differing configurations of platforms, bridges, ropes, and stimuli for 1 h/day, 5 days a week. Four weeks of post-weaning EE were completed before behavioral testing began. The holding room was maintained on a 12 : 12 h light/dark cycle, at 20 ± 1°C. Neither sex effects nor litter effects were detected, so data were pooled. Behavioral testing was conducted in the light period. Testing was performed blind to genotype and all procedures were approved by the Institutional Animal Ethics Committee.
Behavioral Testing
Sequence of behavioral testing. MK-801-induced hyperlocomotion (8-9 weeks of age) and disruptions in PPI (11-14 weeks of age) were tested in one cohort. Separate cohorts were assessed for cognitive function (Y-maze at 8 weeks of age and Morris water maze (MWM) at 9 weeks of age) and anxiety on the light-dark test (8 weeks of age) and elevated plus maze (9 weeks of age). One week was given between behavioral tests.
Locomotor activity. Photo-beam arenas were used to monitor distance moved. Mice were habituated to the testing apparatus for 15 min over 4 consecutive days before MK-801 testing to allow KO and WT mice to reach a comparable baseline. For MK-801 (Sigma-Aldrich, in 0.9% saline) sensitivity testing, after 30 min of exploration mice were injected intraperitoneally (i.p.) with saline, 0.15 or 0.25 mg/kg doses and exploratory activity was analyzed for a further 60 min.
Prepulse inhibition and acoustic startle response. Prepulse inhibition (PPI) was measured as previously described (van den Buuse et al, 2005; van den Buuse et al, 2011) using automated SR Lab startle equipment (San Diego Instruments, San Diego, CA). For drug treatment experiments, mice were injected with MK-801 or saline 15 min before being placed in the chambers. Acoustic stimuli were delivered over a 70-dB background noise through ceilingmounted speakers. Each session consisted of 104 trials where the first and last eight trials consisted of 'pulse only' stimuli of 115 dB lasting 40 ms (P115 trials, Blocks 1 and 4, respectively). The middle 88 pulses consisted of a random delivery of 16 P115 trials (startle only, Blocks 2 and 3), 8 nostimulus trials, and 64 prepulse trials, consisting of a 20-ms stimulus 2, 4, 8, or 16 dB above 70 dB background 30 or 100 ms before a 115-dB startling pulse. Trials were presented with variable intervals (10-37 s). PPI was calculated as the difference between median startle responses (median of all pulse only trials) to the pulse-alone trials and the prepulse-pulse trials, divided by the response to the pulsealone trial × 100%. All mice regardless of treatment or group showed increasing PPI with each level of prepulse intensity so data were analyzed as average PPI (data not shown; main effect of prepulse: F 2,88 = 9.38, po0.001).
Y-maze. Three different visual intramaze cues were placed on the end wall of each arm of a grey Plexiglas Y-maze (30 × 10 × 17 cm per arm). Mice were placed into a randomly assigned arm of the maze (home arm) and allowed to explore the maze (home and familiar arm) with one of the arms (novel arm) closed for 10 min (training trial). After a 1-h inter-trial interval, mice were returned to the same starting arm, with access to all three arms for 5 min (test trial). Data were scored using the Noldus Ethovision (v3; Wageningen, The Netherlands) automated tracking system. Mice were excluded from analysis if they possessed low exploratory activity in either the training or test trial, defined as fewer than 18 total arm entries, or showed a preference for one arm in the training trial.
Morris water maze. MWM was performed in a dark-green circular tank (144 cm), filled with water made opaque with non-toxic paint and maintained at a constant 25 ± 1°C temperature. Large cues visible from the tank were placed on the walls and around the room. Mice were habituated to the water and the presence of a submerged platform with three preliminary trials. Mice were trained to find a submerged platform for four 90-s trials per day on 9 consecutive days and tested for recall in a single probe trial on the 10th day when the platform was unavailable. Before assessing learning, two visible platform trials (during which a flag was placed on the platform) were conducted to assess visual acuity. Data were scored using the Noldus Ethovision (v3; Wageningen) automated tracking system. For analysis, the tank was divided into four quadrants (platform, opposite platform, left, and right). The platform location varied between mice to avoid quadrant bias, and starting positions were randomized. In addition to latency, area under the learning acquisition curve (area under curve: AUC) was calculated for each animal (Youngblood et al, 1997; Terry and Mahadik, 2007) .
Elevated-plus maze. The elevated-plus maze consisted of two open (25 cm × 8 cm × 0.5 cm) and two closed (25 cm × 8 cm × 20 cm) arms emanating from a common central platform (8 cm × 8 cm) to form a plus shape and was elevated to 80 cm above floor level. Mice were habituated to the testing room for 1 h and then placed onto the central platform facing an open arm for a 6-min trial. The maze was thoroughly cleaned using 70% ethanol between subjects and scoring was performed using the Noldus Ethovision automated tracking system (version 3).
Light-dark box. Photo beam arenas (E63-10, TruScan, Coulbourn Instruments, Allentown, PA) with a light-dark box insert placed over half the arena were used to monitor the exploratory activity of mice. Animals were placed in the light area facing entry into the dark area and allowed to enter. The light (750 lx) was then switched on and the 10-min trial started.
Assessment of BDNF Protein Levels by ELISA
Mice were killed by cervical dislocation, hippocampi (right) were rapidly dissected, snap frozen on dry ice and stored at − 80°C. Frozen tissue samples were sonicated in lysis buffer containing 100 mM Tris-HCl pH 7.0, 2% bovine serum albumin (BSA), 1 M NaCl, 4 mM EDTA, 2% Triton X-100 and the Complete Protease inhibitor cocktail (Roche, Castle Hill, NSW, Australia). Extracts were centrifuged for 30 min at 14 000 g at 4°C, the supernatant isolated and protein concentrations determined using a Bradford assay (Bio-Rad, Hercules, CA). Samples were plated at equivalent concentrations for each brain region. The E-max BDNF ELISA kit (Promega, Madison, WI) was used to measure total BDNF levels, which were expressed as a proportion of the mean standard-housed WT control BDNF levels.
Measurement of Dendritic Complexity in CA1 Pyramidal Cells
Fresh hemidissected brains (left) were processed using the FD Rapid GolgiStain kit (FD NeuroTechnologies) according to the manufacturer's instructions. Five Golgi-impregnated pyramidal neurons from the hippocampus (defined as being between Bregma − 1.58 and − 3.5 of Paxinos and Franklin, 2001) , from 3 different sections, to give a total of 25 cells analyzed per animal, were traced in their entirety using Neurolucida software (MicroBrightField, Williston). To examine dendritic branching and complexity, Sholl analysis (Sholl, 1953) was performed using NeuroExplorer software (MicroBrightField, Vermont).
NMDAR Subunit Quantification by Western Blot
Samples were lysed in RIPA buffer (50 mM Tris pH 8.0, 0.1% SDS, 1% Triton X-100, 150 mM sodium chloride, dH 2 O, phosphatase inhibitor (1 : 50) and protease inhibitor (1 : 200)), sonicated and then centrifuged for 18 min at 13 000 g at 4°C. In all, 50 μg of protein was resolved by SDS-polyacrylamide gel (8% acrylamide gels) and transferred onto nitrocellulose membranes. Membranes were blocked for 2 h at room temperature in TBST (20 mM Tris, 150 mM sodium chloride, 0.1% TWEEN-20, dH 2 O) with 5% non-fat milk. Membranes were incubated in primary antibody in TBST, 5%BSA overnight at 4°C, anti-NMDAR2C (1 : 500; ab110, Abcam, Cambridge, UK; which also detects GluN2A, GluN2B, and GluN1), or anti-NMDAR2A (1 : 2000; ab14596, Abcam). Membranes were then washed 3 × for 10 min in TBS-T and incubated in HRP-linked secondary antibody for 1 h 30 min at room temperature (Cell Signaling Technology). HRP was visualized using LumiGLO Reagent (Cell Signaling, Danvers, MA) and Ultra Western Lightning Ultra (Perkin-Elmer) and images were captured using a Luminescence Image Analyzer (LAS-4000; FujiFilm Life Science, Stamford, CT) and analyzed using Image Quant software (GE Healthcare, Baulkham Hills, NSW, Australia). Outliers were removed when they fell outside 2 × the standard deviation.
Statistical Analysis
All data are expressed as mean ± standard error of the mean (SEM). Groups were compared by three-way ANOVA with repeated measures where appropriate, using SPSS. Between-group factors were genotype and environment. Within group, repeated-measures factors were treatment (drug vs saline treatment), time (for locomotor activity), prepulse intensity, ISI interval, startle block (for PPI experiments), and distance from the soma (for dendritic analysis). Bonferroni-corrected pair-wise comparisons were conducted when main effects were significant. Neither sex effects nor litter effects were detected, so data were pooled. Significance was accepted at po0.05.
RESULTS
Environmental Enrichment Modulates Baseline Hyperactivity in mGlu5 KO Mice
SH KO mice were initially hyperactive compared with WT; however, activity normalized by the third day of habituation (Figure 1 ; genotype: F 1,47 = 5.57, po0.05; genotype × day interaction: F 3,143 = 6.29, po 0.01; days 1 and 2 WT vs KO, po0.05). EE reduced locomotor activity in both WT and KO animals during the 4 days of habituation (environment: F 1,47 = 13.05, po0.001).
Environmental Enrichment Restores Spatial Learning in the MWM but not Y-Maze
Over the 9 days of trials with a hidden platform, mGlu5 KO mice consistently showed longer escape latencies compared with WT mice (Figure 2a ; genotype: F 1,41 = 26.55, po0.001). Impaired learning in SH KO mice was also reflected by significantly higher AUC latencies compared with standardhoused WT controls (Figure 2b ; genotype: F 1,43 = 38.99, po0.001). EE significantly enhanced ability to locate the hidden platform, with enriched mice exhibiting much quicker escape latencies compared with standard housed controls ( Figure 2a ; environment: F 1,41 = 24.33, po0.001). EE significantly decreased AUC latencies in KO mice compared with KO mice housed under standard conditions, but there was no such effect in WT mice (Figure 2b ; gene × environment interaction: F 1,43 = 7.94, po0.01; KOSH vs KOEE po0.05).
When tested for memory of the position of the platform, SH KO mice did not recall the location of the platform, showing no preference for any quadrant (Figure 2c ). EE improved memory recall in KO mice, evidenced by a clear preference for the target quadrant compared with the other quadrants ( Figure 2c ; KOEE: F 3,43 , po0.001). Enriched WT mice similarly demonstrated intact recall of platform location (Figure 2c ; WTEE: F 3,34 = 16.21, po0.001). While the majority of SH WT mice show a 2-fold preference for the target quadrant compared with other quadrants, this was not significant due to two mice switching search strategies to adjacent quadrants immediately after searching in the target. Deficits in probe trial performance were not due to impaired movement as there was no significant difference in distance covered during the probe trial between groups (Supplementary Figure 1a) or their ability to find a visible platform (Supplementary Figure 1b) . The lack of preference for the platform quadrant in SH WT mice makes it difficult to draw clear conclusions on the effect of EE on memory recall in KO mice. Nevertheless, EE reduced AUC latencies in KO mice during the acquisition period of the MWM, reflecting a beneficial effect on learning in KO mice. In the Y-maze, KO mice show impaired short-term memory, showing reduced preference for the novel arm compared with WT mice (Figure 2d ; genotype: F 1,34 = 9.52, po0.01). Exposure to EE did not alter novelty preference in Y-maze however did decrease distance covered by mice (Supplementary Figure 1c; environment: F 1,34 = 7.23, po0.01). No differences were seen between WT and KO mice in the light-dark box or elevated plus maze, indicating that anxiety did not confound performance in the Y-maze ( Supplementary Figure 1d and e) .
EE Ameliorates the PPI Deficit in mGlu5 KO Mice and Reduces Startle
A significant PPI deficit was observed in KO mice compared with their WT littermates (main effect of genotype: F 1,137 = 17.96, po0.001) and this effect was more prominent at the 30 ms ISI (ISI × genotype interaction F 1,137 = 21.28, po0.001; main effect of ISI: F 1,137 = 12.62, po0.001). At the 30-ms ISI, EE normalizes the PPI deficit in saline-injected mGlu5 KO mice (Figure 3a ; gene × environment interaction: F 1,48 = 7.73, p = 0.008, KOSH vs KOEE p = 0.048; main effect of genotype: F 1,48 = 11.061, po0.01) but it had no effect in WT mice. There was no significant effect of genotype or EE or interaction at the 100-ms ISI (Supplementary Figure 2) .
Mice showed comparable startle habituation across the testing period (data not shown; main effect of pulse block: F 3,411 = 37.89, po0.001). The mGlu5 KO mice showed lower startle responses compared with WT controls (Figure 3b ; genotype: F 1,137 = 11.88, po0.001) and environmental enrichment reduced startle magnitude (environment: F 1,137 = 9.36, po0.01) but there was no differential effect of EE between genotypes.
Effects of EE on Hippocampal BDNF Protein Levels, NMDA Receptor Composition and Dendritic Branch Complexity in mGlu5 KO Mice
Hippocampal BDNF protein levels were increased following EE in WT mice, but not in KO mice (Supplementary Figure 3 ; gene × environment interaction: F 1,34 = 4.40; po0.05, WTEE vs KOEE, po0.001). Furthermore, EE modulated NMDA receptor subunit composition in the Figure 4b ). Golgi-impregnated CA1 pyramidal neurons of SH WT and KO mice displayed similar dendritic morphology. Increased dendritic branching was evident in WT mice housed in enriched environments; however, KO mice were resistant to this experience-dependent plasticity (Supplementary Figure 5a ; gene × environment × length interaction: F 14,2133 = 1.69, po0.05, WTEE vs KOEE, po0.05; 40 μm p = 0.044; 50 μm p = 0.017). In contrast to dendritic length, quantitative analysis of dendritic-spine density on CA1 pyramidal cells revealed no significant difference between WT mice and KO mice (Supplementary Figure 5b) .
EE Modulates Behavioral Response to the NMDA Receptor Antagonist MK-801 in mGlu5 KO Mice
No differences in locomotor activity levels were seen between genotypes or differentially housed mice during habituation ( Figure 4a and c: − 30 to 0 min). After MK-801 treatment, mGlu5 KO mice displayed a different pattern of activity in response to MK-801 administration compared with WT (genotype × dose interaction for data from 0 to 60 min: F 2,57 = 6.40, po0.01). WT mice were only hyperactive in response to 0.25 mg/kg MK-801 (Figure 4a ; time × dose interaction for WT only: F 26,351 = 14.06, po0.001). EE did not alter WT response to MK-801 (Figure 4a and b) . In contrast, KO mice were hyperactive at both 0.15 and 0.25 mg/kg doses (Figure 4c 
DISCUSSION
The present study demonstrates the influence of environmental factors on the regulation of mGlu5-dependent schizophrenia behavioral impairments. We show that environmental enrichment ameliorates PPI and long-term spatial learning deficits and reduces spontaneous hyperactivity in mGlu5 KO mice. Mutant mice exposed to environmental enrichment showed altered behavioral responses to the NMDAR antagonist MK-801, indicating that this manipulation can influence NMDA receptor function. Our study confirms previous findings of disrupted PPI and locomotor hyperactivity in mGlu5 KO mice Gray et al, 2009 ). We extend upon this, showing that these behavioral phenotypes are restored by environmental enrichment. PPI disruption and locomotor hyperactivity in mGlu5 KO mice have also been shown to be normalized by chronic administration of clozapine, accompanied by an increase in NMDAR binding (Gray et al, 2009 ). Enhancement of glutamatergic signaling via the NMDAR glycine site and the AMPA receptor similarly ameliorates PPI in mGlu5 KO mice (Lipina et al, 2007; Chen et al, 2010) . Here we show that environmental enrichment also ameliorates PPI, potentially drawing a parallel between the therapeutic effects of a positive environment and pharmacological treatment. Consistent with previous reports, cognitive impairments in mGlu5 KO mice were identified in hippocampal-dependent tasks assessing both long-term and short-term spatial learning and memory (Lu et al, 1997; Gray et al, 2009) . A corrective effect of environmental enrichment was seen on long-term spatial learning impairment in mGlu5 KO mice. The lack of environmental modulation of short-term memory implies that this form of memory is resistant to enrichment-induced improvement, under these conditions. BDNF levels and CA1 pyramidal cell dendritic complexity and spine density were investigated as potential correlates of impaired memory, and while these could not explain the enrichment-induced improvements, we were nonetheless able to conclude that mGlu5 is critical to the experiencedependent effects of a positive environment on hippocampal BDNF or cell morphology. Increased expression of BDNF in the hippocampus has been associated with enrichmentinduced improvements in spatial memory (Falkenberg et al, 1992; Pham et al, 2002) . Consistent with these reports, EE increased BDNF protein levels in WT mice. However, no improvement in learning or memory was observed in EE WT mice, potentially due to the degree of difficulty of the tasks used and ceiling effects in performance. EE has been shown to have notable effects on structural plasticity in WT animals, including increasing dendritic branching and length, number of dendritic spines, and size of synapses (Faherty et al, 2003; Greenough and Volkmar, 1973; Leggio et al, 2005) . In the present study, WT animals raised in environmentally enriched conditions show subtle alterations in dendritic complexity; however, spine density was unchanged. Similarly, Nithianantharajah et al, (2009) , utilizing a similar enrichment paradigm to the one in this study, also showed no effect of enrichment rearing on spine number in the CA1 region. Many of the reported effects on structural plasticity following enrichment are from studies utilizing rats, a considerably different model from mice. Furthermore, differences between the present study and others in the literature may be in part due to the variability in enrichment paradigms. Environmental enrichment did not induce any structural changes in mGlu5 KO mice. Given the role of mGlu5 in experience-dependent development and plasticity, in particular in visual and somatosensory cortex (Hannan et al, 2001; Wijetunge et al, 2008) , the absence of structural plasticity in the hippocampus in response to an enriched environment in mGlu5 KO mice is not surprising. While disrupted experience-dependent plasticity could account for the learning and memory impairments in mGlu5 KO mice, it cannot explain the enrichment-induced improvements in behavior. It is important to note the possibility that there may have been wider changes due to enrichment that were transient and not detected after the extended exposure to the paradigm. For example, dendritic spines are highly dynamic and the analysis in the present study is only representative of a single snapshot in time. Furthermore, only one population of neurons was sampled, so changes in morphological plasticity elsewhere cannot be ruled out.
The absence of mGlu5 causes dysregulation of NMDAR signaling, as evidenced by altered responses to MK-801 in mGlu5 KO mice. Doses of MK-801 that were sub-threshold in WT animals produced a robust locomotor response in the mGlu5 KO mice. While the mechanisms through which NMDAR antagonists induce hyperlocomotion are far from being elucidated, the observed sensitivity to the effects of MK-801 in mGlu5 KO mice is in direct agreement with the ability of mGlu5 antagonists to potentiate MK-801-induced hyperlocomotion (Pietraszek et al, 2005) . The synergistic action of mGlu5 ablation and MK-801 suggests that mGlu5 has a modulatory role in the effects of NMDAR antagonists. Following enrichment, the response to MK-801 in mGlu5 KO mice was potentiated, with KO mice showing significantly higher levels of hyperactivity compared with KO mice housed in standard conditions. In agreement with the previous finding, the current work demonstrated impaired PPI in mGlu5 KO mice to a level that was not disrupted further by MK-801 (Lipina et al, 2007) . This is unlikely to be a 'floor' effect caused by reduced baseline levels of PPI in mGlu5 KO mice, as it has been shown that higher doses of MK-801 than those used in the present study can elicit further disruptions in PPI in mGlu5 KO mice compared with saline controls, suggesting that KO mice show a reduced sensitivity to the drug rather than a complete resistance (Lipina et al, 2007) . Thus, the present results cannot be explained simply by altered baseline PPI in standard-housed or environmentally-enriched KO mice. Exposure to enrichment reinstated a normal MK-801-induced PPI disruption in mGlu5 KO mice. This increase in sensitivity to MK-801-mediated disruption in PPI may be attributed to restoration of NMDAR function.
Alterations in NMDAR composition and/or activity could account for the increased sensitivity to MK-801-induced hyperlocomotion noted in mGlu5 KO mice, given the functional and physical links between the two receptors. It has been shown that while NMDAR expression in mGlu5 KO mice is similar to controls (Gray et al, 2009 ), a complete loss of the NMDAR-dependent component of hippocampal LTP is evident in the same KO line, suggesting significantly impacted receptor function (Jia et al, 1998) . NMDAR exists as multiple subtypes with distinct pharmacological and biophysical properties that are largely determined by the type of GluN2 subunit (GluN2A to GluN2D) incorporated in the heteromeric GluN1/GluNR2 complex (Dingledine et al, 1999; Cull-Candy and Leszkiewicz, 2004; Paoletti and Neyton, 2007; Gielen et al, 2009) . A study in adult mGlu5 KO mice established that mGlu5 and NMDARs are required for the activity-dependent GluN2B-GluN2A switch, and have a critical role in experience-dependent regulation of NMDAR subunit composition in vivo (Matta et al, 2011 ). While we do not report significant alterations in total NMDAR (GluN1), GluN2A or GluN2B protein levels in mGlu5 KO mice compared with WT controls this could be due to subtle regional or cell specific differences in subunit expression. Nonetheless we did detect an enrichmentinduced increase in GluN2A subunit levels that was not significantly different between WT and KO mice, suggesting that beneficial effects of EE may at least partly be the result of increased GluN2A-containing NMDARs.
Enrichment differentially modulated the behavioral response to MK-801 in mGlu5 KO mice compared with WT mice. Consistent with a role for GluN2A in the behavioral responses observed, MK-801 has been shown to have much higher affinity for GluN2A-containing NMDARs and thus, an increase in GluN2A-containing NMDARs could explain the increased sensitivity to MK-801 seen following EE (Laurie and Seeburg, 1994; Gielen et al, 2009) . Furthermore, several lines of evidence support the essential role of GluN2A-containing receptors in LTP, thus it is feasible that in the present study, enrichment improved learning in mGlu5 KO mice by enhancing LTP (Kochlamazashvili et al, 2012; Volianskis et al, 2013) . Further examination of functional properties of NMDAR in mGlu5 KO mice following enrichment is warranted to confirm this.
The findings presented in this study contribute to a growing literature investigating the biochemical mechanisms that underlie the impact of positive environmental stimulation on neural function. To date, EE has been shown to upregulate the expression of other NMDAR subunits and additional components of the glutamatergic system, signifying that restoration of NMDAR dysfunction either directly through NMDARs or through enhancing glutamatergic signaling may be a critical component in the beneficial effects of EE on behavior (Tang et al, 2001; Bredy et al, 2003; Naka et al, 2005; Andin et al, 2007; Mora et al, 2007; Sun et al, 2010) .
In summary, the present results provide several conclusions. Lack of mGlu5 in null mutant mice causes impairments in behavioral modalities-PPI, locomotor activity, spatial learning and memory-which are relevant to schizophrenia. The behavioral phenotype was susceptible to environmental modulation, giving this animal model validity in modeling gene-environment interactions in psychiatric illness. The absence of mGlu5 causes dysregulation of the NMDAR, as evidenced by the responses to MK-801 observed in KO mice, supporting the link between the mGlu5 and NMDAR. Environmental enrichment exacerbated responses to MK-801, suggesting that the beneficial effects of this paradigm on behavior are due to modifications in NMDAR signaling. This series of experiments has afforded greater insight into the role of mGlu5 in schizophrenia-related behavioral impairments. Furthermore, it supports the involvement of NMDAR in the beneficial effects of enrichment. The idea that environmental interventions could protect against the effects of genetic vulnerabilities offers avenues toward the elaboration and refinement of therapeutic strategies. Furthermore, given that compounds that enhance glutamatergic signaling are receiving much interest in the treatment of schizophrenia, a greater understanding of how mGlu5 can modulate NMDAR activity and regulate schizophrenia-related endophenotypes is of significant therapeutic importance.
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